Introduction
The process of the molecular aggregation is observed in so− lutions of many organic compounds, especially in dye solu− tions. As the dye concentration rises, apart from dye mono− mers also dimers and higher order aggregates can be for− med. The systems, in which aggregation phenomena occur, are characterized by different physico−chemical properties in comparison with those of monomeric systems [1] . In par− ticular, they display intriguing optical properties and there− fore can find application as novel functional materials for molecular electronics and photonics. Well known groups of dyes, which molecules have tendency to aggregation al− ready in the ground electronic state, are azo dyes [1] [2] [3] [4] . These dyes are characterized by high value of hyperpolari− zability and, incorporated into highly oriented matrices, can find application in nonlinear optics [5] .
Very simple systems in which intermolecular interac− tions can be easily determined are liquid−gas or solid−gas in− terfaces that give possibility to study matter in the form of layers one molecule thick [6] [7] [8] . In the paper we have stud− ied the aggregation properties of azo dyes in monolayers formed at an air−water interface (Langmuir films) and on a solid surface (Langmuir−Blodgett films). Any of azo dyes under investigation cannot produce stable and compressible monolayers. Thus, it is necessary to use the admixture of a compound which is able to make stable monolayers at the interfaces and will act as a supporting matrix. We have used two liquid crystals: 4−octyl−4'−cyanobiphenyl (8CB) and trans−4−octyl(4'−cyanophenyl)−cyclohexane (8PCH). These liquid crystals are known as substances which are able to form homogeneous Langmuir and Langmuir−Blodgett (LB) films due to the presence of the strongly polar -CN terminal group acting as the hydrophilic part of the molecule [9] [10] [11] [12] [13] .
Materials and methods
The dyes with following molecular structure were used All the dyes were synthesized and chromatographically purified at the Institute of Dyes at Łódź University of Tech− nology, Poland. The liquid crystals 4−octyl−4'−cyanobiphe− nyl (8CB) and trans−4−octyl(4'−cyanophenyl)−cyclohexane (8PCH) were purchased from the Dąbrowski Laboratory at the Military University of Technology, Warsaw, Poland and were used without further purification.
A commercially available Minitrough 2 Langmuir− −Blodgett system (KSV Instruments Ltd., Finland) was used for fabrication of spread monolayers on the water surface and for LB films deposition. The subphase was ultrapure water (18.2 MWcm) maintained at (20.5°C ±0.5°C). Spec− troscopic grade chloroform was used to prepare the spread− ing solutions. The solutions containing dye−liquid crystal mixture were made at a constant concentration of 8CB or 8PCH (0.3 g/l) and appropriate amounts of the dye in order to obtain the molar fraction (MF) of the dye in the whole range of possible concentrations (depending on the dye sol− ubility). The solution was then spread onto the subphase to form a monolayer and was equilibrated for about 15 minutes to allow chloroform to evaporate. Next, the monolayer was compressed with the barrier motion speed of 5 mm min -1 and the surface pressure p, as a function of the mean molec− ular area A, was measured by a Wilhelmy plate balance with an accuracy of ±0.1 mN/m. All measurements were re− peated on fresh subphases three to five times to confirm reproducibility. Standard trough cleaning procedure was adopted between measurements.
Stability tests were done for the Langmuir films to keep the pressure constant and LB films were fabricated using electronically controlled dipping device. The substrates for LB films were polished quartz plates (35´10´1 mm 3 ) with a hydrophilic surface. The dipper speed was ca. 5 mm/min, and the dipping stroke was 25 mm. The deposition of the film onto the quartz was successful only at raising the sub− strate. Repeated attempts to transfer a floating layer onto quartz slides failed. Therefore, only one dipping and one raising were made. The transfer ratio TR, defined as the ra− tio of the actual decrease in the subphase area to the actual area on the substrate coated by the floating layer, was esti− mated to be between 1.0 and 1.2.
The morphology of the films at the air−water interface was monitored by means of a Brewster angle microscope (BAM). The instrument we used is based on Hoenig and Moebius setup [14] and was built in our laboratory. The green (532 nm) laser beam was directed at the Brewster an− gle (53.1°) onto the pure water. The light reflected from the monolayers was imaged by means of a CCD camera. The BAM images obtained were recorded directly on the hard disc of PC computer both on the continuous slow film com− pression and expansion simultaneously with the isotherm recording. Typical reproducible images for the films at vari− ous surface pressures were saved in files using a framegra− ber and printed. The image features were observed with a lateral resolution of »5 mm.
Absorption spectra of Langmuir and LB films were re− corded in UV−Vis region using a spectrophotometer CARY 400. For the absorption measurements of a spread mono− layer in situ, the spectrophotometer was equipped with opti− cal fibers and a photodiode array detector supplied by Varian. Further details of this setup are given elsewhere [15] .
Results and discussion

BAM images of Langmuir films
The Brewster angle microscopy (BAM) is known as a very powerful technique for imaging a monolayer at the air−water interface at various stages of Langmuir film creation. This helps in recognizing the morphology and understanding the phase behaviour of the film. Imaging of the monolayer formed on the water surface for 8CB, 8PCH and dye/liquid crystal mixtures was performed at different mean molecular area A during a slow continuous film compression.
BAM images of pure 8CB recorded in this study were similar to those described previously in the literature [10, 11, 13] . In the region of coexistence of the gas and liquid phases (A ³ 0.5 nm 2 ) we observed condensed monolayer is− lands in equilibrium with a foam−like structure. As the sur− face pressure p was raised (A = 0.48-0.41 nm 2 ), the islands packed together into a completely compressed monolayer, giving a homogeneous picture. Just after the collapse point, when the surface pressure remains constant (the plateau re− gion), small brighter domains were observed. This is shown in Fig. 1 (b) (1), together with p−A isotherm of 8CB, Fig.  1(a) . With the reduction of the film area the sizes of domains grew, they deformed and joined together. Domains ap− peared to be of homogeneous reflectivity, meaning that they have equal thickness. Thus, we have observed the transition from a uniform monolayer to a uniform multilayer [9, 10] .
BAM images of pure 8PCH were similar to those of 8CB only up to the collapse point. For compression beyond this point, we observed the appearance of the domains of much higher brightness surrounded by interference rings, which is shown in Fig. 1(b) (2) . With the decrease of A, the number of domains rises. However, they are not in collision and do not coalesce. The higher brightness of the domains in comparison with those observed for 8CB indicates that they have higher thickness. The detailed analysis of the rings structure suggests that the domains grow in the third dimen− sion when A decreases. This leads to the conclusion that we have to deal here with three−dimensional (3D) objects. The detailed analysis of BAM images of liquid crystals from 4−n− −alkyl−4'−cyanobiphenyl (nCB) and trans−4−n−alkyl(4'−cyano− phenyl)−cyclohexane (nPCH) series are given in Ref. 13 .
Figures 2 (a) and 3 (a) show p−A isotherm diagrams for Langmuir films of 8CB mixed with 1 and 3, respectively, at MF = 0.1. The marks indicate the compression stages at which BAM images, presented in Figs. 2(b) and 3(b), were recorded. There were almost no differences between the structures of pure 8CB film and those of 1/8CB film. Before the surface pressure starts to rise (1), a foam−like structure is observed, meaning coexistence of gas and liquid phases. Further compression makes the film completely homoge− neous (2) . After the collapse point small domains appear (2), which grow continuously as the monolayer is further compressed. The surface pressure increases now, indicating the presence of dye molecules in the monolayer, which, however, do not perturb the alignment of 8CB molecules and the liquid crystal domains can join together as the avail− able area is limited (4). The images of 2/8CB mixture are similar to those of 1/8CB, and therefore were omitted here. The behaviour of 3/8CB film is different. Already at p = 0 (1) in the foam−like structure bright shimmer areas with ir− regular boundaries are seen, which exist also beyond the collapse point (2) . The creation of the circular domains is also seen (2-4), but they do not pack together, solely their brightness increases. This effect can be connected with the immiscibility of both components in the Langmuir film, which was found in our previous study of 3/8CB mixtures of various compositions [4] . For 3/8PCH mixtures also the phase separation was observed and it was reflected in BAM images too (data not shown). However, for the Langmuir film of 1/8PCH and 2/8PCH at MF = 0.1 we obtained very similar images as for pure 8PCH. They are shown for 2/8PCH in 
Electronic absorption spectra of Langmuir and Langmuir-Blodgett films
The high extinction coefficient of azo dyes investigated (over 20 000) was exploited to measure the absorption in situ for the monolayers floating on the water surface. Figure  7 presents the representative long−wavelength absorption spectra of Langmuir film of dye 1 mixed with 8CB at MF = 0.3. The spectra were recorded before compression process (1) and next at various surface pressure (2) (3) (4) . It is seen that there is no significant change in the shape and the peak posi− tion as the surface pressure is increased. The absorption of Langmuir films was very small and the spectra were strongly noised. Therefore, it was difficult to visualize the maximum position, but upon appropriate processing the spectra (multiple smoothing of the curve by using Origin− Lab program), the maxima were identified and they are given in Table 1 , together with the half−bandwidth values. All the dye/liquid crystal mixtures were next transferred from the floating monolayer onto quartz slides at the surface pressure corresponding to the value of p before the collapse point at the p−A isotherm. For LB films obtained in this way the absorption spectra were recorded and the positions of the maximum and the half−bandwidths of the long−wave− length absorption band for dyes 1-3 mixed with 8CB and 8PCH are gathered in Table 1 . For comparison in this table the data for dyes dissolved in ethanol at MF = 1.5´10 -7 are also given. Figure 8 shows normalized absorption spectra of Langmuir and LB films of 1/8CB (a), 2/8PCH (b), 3/8CB (c) and 3/8PCH (d) mixtures at MF = 0.5 compared with the spectra of the appropriate dye in ethanol. The spectra in eth− anol are characteristic for monomeric absorption of azo dyes. In spread monolayers on the water as well as in LB films the absorption band of 1-3 mixed with both liquid crystals is distinctly broadened in comparison with that in solutions. This observation could suggest that in the monolayers at the air−water and air−solid substrate interfaces some fraction of self−aggregates by dye molecules is cre− ated. Indeed neither an additional peak, nor a shoulder, which would indicate the dimer creation in the ground state, is observed, but the dye absorbance in Langmuir and LB films does not vary proportional to its concentration. This effect can be seen in Fig. 9 , where the absorption spectra of MFs are presented. For other dyes similar behaviour was found and it can confirm the suggestion about the occur− rence of some fraction of 1-3 aggregates in monolayers already in the ground state. According to the exciton molecular model proposed by Kasha et al. [16] the absorption band of dimer can be shifted towards shorter (blue) or longer (red) wavelengths with re− spect to that of monomer. The blue shift is indicative to cre− ation of so−called H−aggregates, i.e., dimers or higher order aggregates in which the dipole transition moments of mole− cules are parallel to each other and ordered perpendicularly to the stacking direction. The red shift is characteristic for so−called J−aggregates in which dipole transition moments are parallel to each other but greatly inclined from the normal to the stacking direction [17] .
Looking at the data presented in Table 1 it is seen that at low concentrations of a dye in Langmuir and LB films the ab− sorption maximum position shifts towards longer wave− lengths up to »70 nm with respect to the position of the monomeric absorption band. Upon increasing the content of the dye, the wavelength of the maximum band shortens. Thus, it can be suggested that at the change of the dye con− centration in monolayers and interfaces various kinds of ag− gregates are formed. One of the possibilities is assumption that at low concentrations some fraction of J−aggregates is created, whereas at higher concentrations the H−aggregates appear too. We tried to separate the long−wavelength absorp− tion spectra for the dye/liquid crystal mixtures under investi− gation into two or three bands, corresponding to absorption of monomers, J− and/or H−dimers. As a model function for ex− perimentally obtained absorption band of dye/liquid crystal mixtures in Langmuir and LB films we used a sum of nor− malized Gaussians. The detailed analysis of absorption spec− tra of the azo dye/liquid crystal mixtures in LB films was made previously and its results are presented in Ref. 4 . It was found that the mutual orientation of molecules in the aggre− gate as well as the amount of the appropriate kind of aggre− gates at given MF strongly depend on the molecular structure of the dye, and first of all on the value and direction of the re− sultant dipole moment. However, for all the mixtures investi− gated the general observation can be made that at low dye content apart from monomers, only J−dimers appear. When the dye concentration rises, the H−dimers can be also created.
In the mixtures of dyes 1-3 with 8CB and 8PCH at MF = 0.5 the monomers, J−dimers and H−dimers in various fractions exist in the LB film. The measurements of absorption by us− ing polarized light revealed that molecules in J−type aggre− gates are distinctly tilted with respect to the substrate surface -the angle between the long molecular axis and the normal to the quartz slide is about 60°. When the H−type aggregates are formed, the molecular packing in LB film is improved, and the monolayer becomes more stable and rigid. Similar conclusions can be drawn from the behaviour of p−A isotherm slope as well as from the change of absorption spectra with the rise of MF, observed for Langmuir films of 1-3 mixed with 8CB or 8PCH. Nevertheless, from the data presented in Table 1 it is seen that the blue shift of absorp− tion band at higher dye concentration is greater in Langmuir films than in LB films. This would suggest that the degree of H−aggregation in the monolayer on the water surface is higher than on the quartz substrate. The lower absorbance value for the Langmuir film than for the LB film at MF = 0.5 (curves 3 in Fig. 9 ) can additionally confirm this suggestion. The absorption intensity is related to the projection of the absorption transition moment on the water or quartz slide surface. Thus, the smaller absorbance of the Lagmuir film means that the average angle between the long molecular axis and the normal to the surface is smaller. This indicates on the greater number of H−aggregates in the spread mo− nolayer than in the LB film. Further, this leads to the conclu− sion that at the transfer of the monolayer from the water sur− face to the quartz plate, a rearrangement of the molecular or− ganization takes place. Such effect was previously observed for other compounds [2, 4, 15, [18] [19] [20] .
